Abstract-Crop loss in black pepper (Piper nigrum L.) 
INTRODUCTION
Black pepper (Piper nigrum L.) is a commercial spice crop cultivated in India. India ranks first in the world in terms of production, consumption and exports and the crop is is grown in an area of 131230 ha with an annual production of 55500 tonnes (Indian Spice Board, India, Feb 2017). Foot rot disease of black pepper caused by Phytophthora capsici is known to affect 90% of yield in India (Nair and Gupta, 2003; Krishnamoorthy and Parthasarathy 2011). The control of foot rot disease has been almost exclusively based on the application of chemical pesticides that effectively kill the P. capsici. Although several effective pesticides have been recommended for use against this pathogen, they are not considered to be long-term solutions due to concerns of expense, exposure risks, fungicide residues, toxicity to non-target organisms and other health and environmental hazards. Therefore, recent efforts have been focused on developing eco-friendly safe, long lasting and effective management strategies against plant pathogens.
Use of biocontrol agents has been shown to be eco-friendly and effective against many plant pathogens and pest. Several biocontrol agents have been documented to prevent foot rot disease by inducing systemic resistance of pepper plants against P. capsici. Induced systemic resistance (ISR) activates multiple defense mechanisms that include increased activity of pathogenesis related (PR) proteins like Chitinase, β-1,3-glucanase and peroxidase (PO) (Maurhofer et al., 1994; Xue et al., 1998) , and also the accumulation of low molecular weight substances called phytoalexins (Van Peer and Schippers, 1992) . Chitinases and β-1,3-glucanases are a structurally and functionally diverse group of hydrolytic enzymes involved in defense reactions of plants against pathogens (Jackson and Taylor, 1996) , while PO and PAL are the key enzymes involved in phenylpropanoid metabolism (Vidhyasekaran et al., 1997) .
Accumulating evidence suggest that the organisms under most scrutiny for potential use in biological control of pest and diseases are bacteria belonging to the genera Pseudomonas and Bacillus (Ramamoorthy et al., 2001 Sundaramoorthy et al., 2011 reported that combination of P. fluorescens strains and B. subtilis strain together resulted in significant growth promotion that was correlated with induced resistance in Capsicum annum L. Several approaches have been made to manage the foot rot of pepper. However, no attempts have been made for the management of P. capsici disease using the mixtures of both PGPR and endophytes. Therefore, the present study was designed to evaluate protective effect of endophytic fungal strains, T. harzianum (Th16 and Th5) and rhizobacterial strain P. fluorescens (Pf1) against foot rot disease.
II. MATERIAL AND METHODS

Plant materials and pathogen
The black pepper samples were obtained from Pepper Research Center, Appangala, Mercara, Karnataka. The pathogen was isolated from the black pepper foot showing typical symptoms of P. capsici by using Oat meal agar (OMA) medium and the fungal culture was identified based on morphological, conidial and cultu re characterization using standard fungal manual was send to Department of Studies in Biotechnology, University of Mysore, Mysuru-India for identification purpose and it was identified as P. capsici.
Biocontrol agents
The two endophytic fungal strains of T. harzianum namely Th16 and Th15 were isolated from bark of Azadiracta indica. In addition, antagonistic strains of P. fluorescens Pf1 were collected from Department of Studies in Biotechnology, University of Mysore, Mysuru . Pure strains of endophytic T. harzianum strains (Th16 and Th15) were maintained on potato dextrose agar (PDA) slants and P. fluorescens strain (Pf1) was maintained on King's B (KB) agar slants at 4 °C.
Efficacy of individual and mixtures of biocontrol agents on radial growth of P. capscici
Pseudomonas fluorescens strain (Pf1) and T. harzianum (Th16 and ThC5) strains were tested individually and in combination against P. capsici by dual culture technique (Dennis and Webster, 1971). The mycelial disc (9 mm) from 7 days old culture of P. capsici was placed in one side of the Petri plate containing 15 ml of PDA medium. After three days of pathogen inoculation, 72 h of old bacterial strains P. fluorescens and T. harzianum strains were streaked on the opposite of the petri plate by the help of sterilized inoculation needle individually on each plate. Three replications were maintained for each treatment. The plates were incubated at room temperature (28 ± 2 °C) for three days and inhibition zone was measured. The radial growth of the pathogen and per cent reduction over control was calculated by using the following formula Per cent reduction over control = C − T C X 100
Where, C -Mycelial growth of the pathogen in control (mm) and T -Mycelial growth of the pathogen in dual plate (mm).
Preparation of individual and mixtures of PGPR and PGPE bio-formulati ons
For individual strains of P. fluorescens (Pf1) and T. harzianum (Th16 and Th5) were inoculated into the sterilized KB and Potato dextrose broth, respectively and incubated in a rotary shaker at 150 rpm for 48 h at room temperature (28 ± 2 °C). After 48 h and 7 days of incubation, the broth containing 9 × 10 8 cfu/ml was used for the preparation of talc-based formulation for bacterial culture. To the 400 ml of bacterial suspension, 1 kg of the talc powder (sterilized at 105 °C for 12 h), calcium carbonate 15 g (to adjust the pH to neutral) and Carboxymethyl cellulose (CMC) 10 g (adhesive) were mixed under sterile conditions, following the method described by ). After shade drying overnight, it was packed in polypropylene bag and sealed.
Greenhouse studies
Effects of bio-formulation mixtures on the incidence of foot rot disease
To study the induced systemic resistance (ISR) against P. capsici of pepper veins, a pot culture experiment was conducted with single and combination of rhizosphere bacteria and endophytic fungus. Veins are grown in earthen pots (Size-0.35 m diameter, 0.50 m height, volume of soil: 0.04 m 3 ) filled with sterilized potting soil containing the spore suspension (2 × 10 5 spores/g of soil) of P. capsici.
In all treatments, the talc-based bio-formulation mixture was applied as seedling root dip and s oil application. The fungicide RIDOMIL GOLD ® MZ was used as a positive control. For treatment, the pepper vine cv. Subhakara, hence the cultivar is susceptible to foot rot disease the same cultivar was used for further studies . After 25 days, the seedlings were pulled out from the pots and transplanted at the rate of five vine per pot (Size-0.35 m diameter, 0.50 m height, volume of soil: 0.04 m 3 ) containing sterilized soil mixture (cow dung: sand: soil in 1:1:1 ratio) inoculated with the spore suspension (2 × 10 5 spores/g of soil mixture) of P. capsici (Sundaramoorthy et al., 2012) . For root dipping, pepper veins were dipped in 250 ml of Trichoderma suspension (9 × 10 8 cfu/ml) for 2 h, ensuring that roots alone were immersed in the inoculum and planted in pots. In soil application, 25 ml of Trichoderma suspension (9 × 10 8 cfu/ml) per pot was poured 30 and 60 days after planting (40-45 cm height). Vine treated with RIDOMIL GOLD ® MZ (2 g/litre) as well as soil drench (0.1%) at 30 and 60 days after planting served as a positive control.
The pepper vine inoculated with the pathogen alone served as inoculated control. The observation on development of P. capsici symptoms was recorded at the time of harvest. Each treatment was replicated thrice in Completely Randomized Block Design (CRD). The percent disease index (PDI) was estimated using the formula suggested by Mckinney (1923) .
Induction of defense-related protein and experimental design
Pseudomonas fluorescens and endophytic (T. harzianum) fungal strains in single and in combinations (Treatments T1-Th16, T2-Th15, T3-Pf1, T4-Th16 + Th15, T5-Th15 + Pf1, T6-Pf1 + Th16, T7-Th16 + Th5 + Pf1, T8-Ridomil gold, T9-inoculated control, T10-healthy control) were used in the induction of defense reactions in pepper. The bio-formulations treated vine were sown at the rate of one veins per pot (Size-0.35 m diameter, 0.50 m height, volume of soil: 0.04 m 3 ) filled with sterilized potting soil containing the spore suspension (2 × 10 5 spores/g of soil) of P. capsici. Bio-formulation treated plants were challenge inoculated with P. capsici, while the other set were not challenge inoculated. The plants neither treated with bio-formulation nor challenged by the pathogen were kept as a control. Three replications were ma intained in each treatment. Each replicate consisted of five pots and in each pot one vine were maintained. The experiments were conducted using CRD in greenhouse. The humidity in the greenhouse was maintained at around RH 70%. The temperature was adjusted to 26 °C (day)/20 °C (night).
Sample collection and assay of defense-related proteins
Vine leaf tissues were collected at different time intervals (0, 4, 8, 16, 24, 48 and 72 hours after pathogen inoculation). Four pepper vines were sampled from each replication of the treatment separately and were maintained for biochemical analysis. Leaf samples were homogenized with liquid nitrogen in a pre-chilled mortar and pestle. One gram of leaf sample was homogenized with 2 ml of 0.1 M sodium phosphate buffer (pH 7.0) at 4 °C. The homogenate was centrifuged for 20 min at 10,000 rpm. The supernatant was used as a crude enzyme extract for assaying PO (Hammerschmidt et al., 1982) , polyphenol oxidase (PPO) (Mayer et al. 1965 ) and PAL (Dickerson et al., 1984) . Enzyme extracted in 0.1 M sodium citrate buffer (pH 5.0) was used for the estimation of chitinase (Boller and Mauch 1988 ) and β-1,3-glucanase (Pan et al., 1991) . The total phenol content was estimated as per the procedure given by (Zieslin and Ben-Zaken 1993).
Native polyacrylamide gel electrophoresis analysis
The isoform profiles of PO and PPO were studied by discontinuous Native polyacrylamide gel electrophoresis analysis (PAGE) (Laemmli 1970 ). The protein extract was prepared by homogenizing 1 g of leaf sample in 2 ml of 0.1 M sodium phosphate buffer (pH 7.0) and centrifuged at 18,000 rpm for 20 min at 4 °C. The protein content of the sample was determined (Bradford 1976) and samples (50 μg protein) were loaded into 8% polyacrylamide gels (Sigma, USA). After electrophoresis, PO isoforms were visualized by soaking the gels in staining solution containing 0.05% benzidine (Sigma-Aldrich, Mumbai, India) and 0.03% H2O2 in acetate buffer (20 mM, pH 4.2) (Nadolny and Sequeira 1980). For assessing the PPO isoform profiles, the gels were equilibrated for 30 min in 0.1% p-phenylene diamine, followed by the addition of 10 mM catechol in the same buffer (Jayaraman et al., 1987 ).
Statistical analysis
The data on effect of the treatments on the growth of pathogens, severity of diseases and activity of enzymes in pepper vine were analyzed by analysis of variance (ANOVA), and treatment means were compared by Duncan's Multiple Range Test (DMRT). The data o n disease severity was arcsine transformed before undergoing statistical analysis (Gomez and Gomez 1984) .
III. RESULTS
Compati bility among bacterial strains
PGPR strain of P. fluorescens (Pf1) and PGPE strains of T. harzianum (Th16 and Th15) were tested for their compatibility in vitro. None of the antagonistic bacteria were inhibited by each other, So the absence of inhibition zone suggesting that these three biocontrol agents were compatible with each other.
Effect of biocontrol agents on radial growth of P. capsici
One strain of P. fluorescens (Pf1) and two strains of T. harzianum (Th16 and Th15) were tested individually and in combination to assess the effect of biocontrol agents on radial growth of P. capsici. All the treatments were effective in reducing the mycelial growth of the pathogen. However, the combined application of Th16 + Th15 + Pf1, Th16 + Th15 and Th16 + Pf1 had resulted in the least mycelial growth with 49.0, 54.0 and 54.1 mm, respectively. Combined application of Th16 + Th15 + Pf1 and Th16 + Th15 and Th16 + Pf1 recorded the maximum inhibition zone of 26.0, 23.5 and 19.5 mm, respectively. The control plates recorded the highest mycelial growth of 90.00 mm (Table 1) . Control 90.00 h 0.00 0.00 Values are mean of three replications. In a column, mean followed by a common letter (s) are not significantly differe nt at the 5% level by DMRT.
Efficacy of PGPR and PGPE strains on foot rot incidence under greenhouse conditions
Talc-based bio-formulation of P. fluorescens (Pf1) and T. harzianum (Th16 and Th15) strains individually or in combination were tested for their efficacy against P. capsici under pot culture conditions, along with RIDOMIL GOLD as a chemical check. Both individual and strain mixtures significantly reduced the foot rot incidence (by 21-35%) compared to untreated plants upon challenge inoculation of P. capsici (Fig. 1) . Conspicuously, a combination of Th16 + Th15 + Pf1 together resulted in a significantly lower foot rot disease index (PDI) than any of the strains individually, as well as better germination (96%) and plant height (73.62 cm) (Fig. 2) . The results indicated that disease reduction by a combination of antagonistic bacterial and endophytic strains was comparable with the fungicide control, which recorded the PDI of 22% and 18%, respectively. 
Activity of defense enzymes and pathogenesisrelated (PR) proteins
Induction of defense enzymes and pathogenesisrelated (PR) proteins was studied in the rhizobacteria and endophytes treated pepper veins. The results revealed higher expression of defense-related proteins upon challenge inoculation with P. capsici. P. fluorescens and T. harzianum strains individually and in a mixture differ in the ability to stimulate PO and PPO in pepper veins challenge inoculated with P. capsici. The results of the study revealed that there was an increase PO and PPO activities in Th16 + Th15 + Pf1 mixtures treated plants compared to untreated control plants upon challenge inoculation. The activities (Th16 + Th15 + Pf1) were found to increase110 units of protein at 48 hours after inoculation, compared to all other treatments with drastic reduction in enzyme activities in later time points. The pathogen inoculation in untreated control plants also stimulated the enzymes but the level was less than that of mixture of P. fluorescens and T. harzianum pretreated plants ( Fig. 3 and Fig. 4) . T1  T2  T3  T4  T5  T6  T7  T8  T9 T1  T2  T3  T4  T5  T6  T7  T8  T9 (Fig. 6) . Maximum accumulation of total phenol content was also observed in the combination treatments ofTh16 + Th5 + Pf1 followed by Th16 + Th15 and Th16 + Pf1 (Fig. 7) . Untreated control, or inoculated with the pathogen alone did not show any remarkable change in the activity of phenolic substances. These results clearly indicate that the defense enzymes and PR proteins were more activated in the mixtures of bacterial bio-formulations treated plants thus strengthening the pepper veins against the abiotic stress. The chitinase activity was found high in Th16 + Th5 + Pf1 and Ridomil treated (T8) veins showed 2.5 and 2.0 at 16 hpi and 24 hpi. The activities of chitinase activity increased in plants treated with bio-formulation mixture (Th16 + Th15 + Pf1) up to 3 days after P. capsici inoculation, and declined thereafter as shown in (Fig. 7) . T1  T2  T3  T4  T5  T6  T7  T8  T9 (Yu et al., 2002) .
Inhibitory effect of biocontrol agents observed in dual culture technique is correlated with the management of wilt disease of foot rot caused by P. capsici under green house as well as field conditions. The results of the present study revealed that the talc based bio-formulations prepared by using individual and in combination of Th16 + Th15 + Pf1 strains significantly reduced the wilt disease incidence in pepper. This effect may be due to its stimulatory effects on ISR as evidenced by increased activities of defense enzymes such as PO, PPO and PAL involved in the synthesis of phytoalexins thereby induce systemic resistance against foot rot disease and promote the growth of plants. Our results substantiate the inhibition of various plant pathogen and disease management by using several biocontrol agents through the induction of ISR in plants reported by (Van Peer et al., 1991; Kloepper, 1993; Van Loon, 1997; Chen et al., 2000) . Thus, our findings provide evidence that the induction of defense enzymes and PR proteins by application of endophytic fungi and rhizosphere bacterial strains may strengthen the plants against various biotic stresses.
V.
CONCLUSION The present study demonstrated that the combinations of endophytic fungi Th16 + Th15 + Pf1 bacterial strains consistently reduced the radial mycelial growth of P. capsici by producing various antibiotics and reduced the foot rot of pepper under green house and field conditions by inducing ISR compared to individual agents. Combination of biocontrol agents is a strategic approach to control the plant disease and pest (Nandakumar et al., 2001a and Saravanakumar et al., 2007) . Furthermore, interactions among the bacterial strains may have synergistic effects that could induce ISR and promote the growth of the plants (Sundaramoorthy et al., 2007) . Several literature have documented that the use of biocontrol agents in combination was more effective for management of plant diseases and pathogens compared to individual agents (Sivakumar, 2012) .
